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ABSTRACT: The formation mechanism of colloidal nano-
particles is complex because significant nonclassical pathways
coexist with the conventional nucleation and growth processes.
Particularly, the coalescence of the growing clusters determines the
final morphology and crystallinity of the synthesized nanoparticles.
However, the experimental investigation of the coalescence
mechanism is a challenge because the process is highly kinetic
and correlates with surface ligands that dynamically modify the
surface energy and the interparticle interactions of nanoparticles.
Here, we employ quantitative in situ TEM with multichamber
graphene liquid cell to observe the coalescence processes occurring in the synthesis of gold nanoparticles in different ligand systems,
thus affording us an insight into their ligand-dependent coalescence kinetics. The analyses of numerous liquid-phase TEM
trajectories of the coalescence and MD simulations of the ligand shells demonstrate that enhanced ligand mobility, employing a
heterogeneous ligand mixture, results in the rapid nanoparticle pairing approach and a fast post-merging structural relaxation.
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The chemical, catalytic, and optical properties of nano-
particles originate from their structures. Moreover, the

morphology and crystallinity of nanoparticles are determined
during their growth in colloidal synthesis. Nanoparticles with
an anisotropic morphology, a polycrystalline structure, and
defects are frequently formed by coalescence, known as a
nonclassical pathway for nanoparticle growth, which results in
unique functionalities. For example, nanoparticles with high
grain boundary densities or multifold twin structures have been
synthesized as materials with enhanced catalytic activity due to
the modified active sites on their surfaces or interfaces.1

Additionally, high-branched nanoparticles, which exhibit
unique spectroscopic properties, have been formed via
particle-mediated assembly.2−4 Many researchers have studied
the coalescence mechanisms of nanoparticles by in situ
measurements and molecular dynamics (MD) simulations,
which can potentially aid the management of the coalescence
process during the synthesis for fine control of nanoparticle
structures.5−10 The coalescence process proceeds through the
following steps: approach, contact, merging, and structural
relaxation of nanoparticle pairs.11 A jump-to-contact process
has been observed where nanoparticle pairs quickly approach
and stick together in a short interparticle distance, just before
the contact.12,13 Likewise, the degree of misalignment of a
nanoparticle pair determines whether or not the coalesced
nanoparticles contain a grain boundary.14 When the nano-

particle pair exhibits a small angular misalignment, coalescence
occurs through the orientated attachment, aligning the crystal
planes of the pair, followed by the particle attachment, and the
resulting particle tends to exhibit single crystallinity.13

Surface-passivating ligands are crucial factors in the synthesis
of colloidal nanoparticles and are involved in the nanoparticle
interactions and coalescence process.15−18 The strength of the
electrostatic and steric repulsive forces of the interacting
nanoparticles is controlled by the charge and number densities
of ligands placed between the nanoparticles.19 Furthermore,
the number density of the ligands adsorbed on different crystal
facets is not uniform because the adsorption energy is facet
dependent. These different ligand densities can potentially
guide the occurrence of the coalescence along a specific
direction where the facing surfaces are less hindered by the
surface ligands.13 Afterward, the morphology of the coalesced
particles is determined by the facet-dependent stabilization of
the surface ligands.15−17 Thus, specific features in the kinetic
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process of coalescence (from the approach, through merging,
to structural relaxation) occurring in a real synthesis could
differ, depending on the type, density, and molecular structure
of the ligands utilized in the synthesis. More importantly,
ligands as a mixture of two or more types, which are generally
employed for the precise control of colloidal synthesis, endow
additional complexity to the coalescence pathway.
In situ liquid-phase transmission electron microscopy

(TEM) is an appropriate method that allows direct
observations for understanding the detailed kinetic pathways
of nanoparticle formation including coalescence.20−28 How-
ever, it requires an additional capability to acquire numerous in
situ trajectories under a controlled chemical condition in order
to quantitatively distinguish the effects of different types of
ligand systems on the coalescence kinetics. There have been
recent technical developments of chamber-type liquid cell with
defined dimensions for multiple liquid-phase TEM observa-
tions.29−32 Here, employing quantitative liquid-phase TEM
observation with a multichamber graphene liquid cell, we study
the ligand-dependent coalescence behaviors of gold nano-
particles. The analyses of the numerous coalescence
trajectories of the nanoparticles in the unicomponent and
mixed-ligand systems, combined with MD simulations of
ligand adsorption on the gold surfaces, elucidate that
coalescence kinetics is ligand dependent and the increased
mobility in the heterogeneous ligands results in a rapid
approach of the nanoparticle pairs and reshaping after merging.
A multichamber graphene liquid cell is fabricated by

sandwiching a nanoporous anodic aluminum oxide (AAO)
membrane in graphene layers, whereby the loaded liquid
sample is encapsulated between the graphene layers in each
chamber, as illustrated in Figure 1a (Supporting Informa-
tion).33 The dimensions of the chamber are 70-80 nm
(diameter) and 50-60 nm (depth). The average thickness of
the 22 independent chambers encapsulating liquid samples is
39.8 ± 11.5 nm in a 60 nm thick AAO membrane (Figure S1).
It is large enough to observe the nanoparticle growth that

incorporates coalescence events whose critical steps typically
occur in the sub 5 nm size range.13,14,34 Because the
multichambers are separated by the AAO matrix, the in situ
TEM observation of one chamber does not induce a chemical
perturbation in the other chambers. Additionally, the regular
arrangement of the multichambers, at an interpore distance of
125 nm, allows the collection of the independent and
cumulative in situ data by moving an area of the observation
from one chamber to another. In this work, two types of
aqueous gold precursor solutions, each of which contains pure
hexadecyltrimethylammonium bromide (CTAB) or a mixture
of CTAB and octylamine (3:1 molar ratio), are prepared as a
different ligand system (Supporting Information). Each
solution is observed by liquid-phase TEM to quantitatively
compare the coalescence dynamics of gold nanoparticles in
different ligand environments. CTAB is known to sponta-
neously form a bilayer coating on gold surfaces; thus,
generated nanoparticles in the liquid cells are presumably
capped with the CTAB ligands and mixed ligands (including
CTAB and octylamine), respectively, and denoted as AuNPs/
CTAB and AuNPs/Mixed (Figures 1b and 1c).35−38 Low-
magnification TEM imaging confirms that the multichambers
are successfully formed and contain the liquid samples with
gold nanoparticles (Figure 1d). The nanoparticles in the two
different ligand systems dispersed in the multichambers are
observed by in situ TEM, as shown in the two representative
TEM movies (Movies S1 and S2). Generally, the gold
nanoparticles grow from small to large sizes, following two
major mechanistic pathways of monomer attachment and
coalescence, as previously reported.39 By performing repeated
in situ TEM observations on the multichamber, 41 and 45 pairs
of AuNPs/CTAB and AuNPs/Mixed, undergoing coalescence,
are tracked for the quantitative comparison of the coalescence
process under different capping ligand conditions (Movies S3
and S4). In all the observations, consistent beam parameters
are employed (acceleration voltage of 200 kV; electron dose
rate of 4000−8000 e− Å−2 s−1). It is noteworthy that low-dose

Figure 1. Schematics of (a) the multichamber graphene liquid cell and (b, c) the magnified views of the individual chambers in gold nanoparticle
coalescence processes in different ligand environments, each of which contains pure CTAB (b; AuNPs/CTAB) or a mixture of CTAB and
octylamine (c; AuNPs/Mixed). (d) TEM image of the regularly arranged multichambers containing colloidal gold nanoparticles. The images on the
right column are the magnified views of the three representative chambers, with black dots inside the AAO hole indicating the nanoparticles. (e−j)
Time series of the TEM images exhibiting the overall coalescence process in the (e−g) AuNPs/CTAB and (h−j) AuNPs/Mixed systems.
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imaging of the identical samples (∼50 to ∼300 e− Å−2 s−1)
does not induce coalescence of AuNPs but induces their
dissolution (Figure S2, see details in Supporting Information),
consistent with the previous work.40 The three representative
coalescence trajectories of AuNPs/CTAB and AuNPs/Mixed
are shown in Figures 1e−g and 1h−j, respectively. Each
trajectory indicates that two gold nanoparticles approach each
other to contact, after which they merge into a single
nanoparticle followed by the structural relaxation process.
Next, we investigate the approach dynamics of the

nanoparticle pairs, before their surfaces contact at t0, by
measuring the distance between their surfaces, gap (D), from
the time series of the TEM images (Figures 2a−h and S3−S8;
see details in the Supporting Information). In the AuNPs/
CTAB system, D between the two nanoparticles gradually
decreases as shown in the time series of the TEM images and
their corresponding gap trajectory (Figures 2a and 2c). This
behavior is universal in all tracked pairs of AuNPs/CTAB.
Their gap trajectories (Figures 2c−e, S3, and S5) indicate that
the nanoparticles capped with the CTAB ligands continuously
approach each other, followed by the jump-to-contact where D
is ∼1 nm. Contrarily, the paring approach behavior in the
AuNPs/Mixed system is different from that in the AuNPs/
CTAB system. A representative time series of the TEM images
and the corresponding gap trajectory of an AuNPs/Mixed pair
demonstrate a rapid decrease in D, from ∼3.5 nm (blue bar) to
∼1.5 nm (yellow bar) (Figures 2b and 2f). This rapid pair
approach is mostly observed in the AuNPs/Mixed system,
which exhibits a noticeably sharp decrease in D in 22% of the
45 tracked pairs (Figures S4 and S6). The TEM images and
their corresponding gap trajectories (Figures 2f−h, S4, and S7)
indicate that the rapid decrease in D occurs in the distance

ranges, from 3−6 to 1−2 nm. This range is presumably where
the ligand shells, placed between the two interacting
nanoparticles, are disassembled and pushed away by the
approaching nanoparticle cores (Figure S9) since the length of
one fully stretched CTAB molecule is ∼2.2 nm and the CTAB
molecules form interdigitated ligand shell, which is ∼3.2 nm
thick, as the surfactants of the colloidal nanoparticles.41,42

When D becomes ∼1 nm, the jump-to-contact occurs in all the
AuNPs/Mixed pairs (Figure S5) like in the AuNPs/CTAB
ones. The schematics of different ligand shell interdigitations
and pair approach behaviors in the AuNPs/CTAB and
AuNPs/Mixed systems are illustrated in Figures 2i and 2j. It
is known that the CTAB molecules form an ordered bilayer
structure with the partial interdigitation of long alkylchains in
the ligand shell of a gold nanoparticle.41,43 Thus, our liquid-
phase TEM observations indicate that the incorporation of
octylamine with a shorter alkylchain length than that of CTAB
possibly modifies the ligand interdigitation and configuration
of the ligand shell, which can result in differences in the
approach behaviors of the nanoparticle pairs.
We perform MD simulations to understand the interdigita-

tion characteristics and configurations of the ligand shell,
constructed on the gold surfaces, according to the degree of
mixing octylamine within the CTAB ligands. The simulations
for four different ligand systems (0%, 25%, 33%, and 50%
mixing ratios of octylamine to CTAB, denoted as C100,
C75O25, C67O33, and C50O50, respectively) are performed
on the gold (111), (110), and (100) surfaces (see details in the
Supporting Information). The equilibrated configurations of
the ligand shells of these systems are shown in Figure 3a. The
configuration and thickness of the ligand shell in the pure
CTAB system (C100) are consistent with previously reported

Figure 2. Time series of the TEM images exhibiting the approach behaviors of the gold nanoparticles in the (a) AuNPs/CTAB and (b) AuNPs/
Mixed systems. For the upper values: time, Δt = t − t0 with respect to t0, at the instance of contact. For the lower values: D marked with a color
stick. (c−e) The gap trajectories of the pairs in AuNPs/CTAB and (f−h) those of the pairs in AuNPs/Mixed before the surface contact of the
nanoparticles. The color dots in (c) and (f) correspond toD in (a) and (b), respectively. The illustration of the ligand interdigitation and approach
behaviors of a pair in the (i) AuNPs/CTAB and (j) AuNPs/Mixed systems, respectively.
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results.44 The ligand bilayer structure is formed on the gold
surfaces in all systems, although their molecular arrangements
are different. The thickness of the mixed ligand shell decreases
slightly and the degree of the ligand disorder in the bilayer
structure increases as the mixing ratio of octylamine increases
(Figures S10 and 3a). Furthermore, we divide the ligands
within the bilayered ligand shell into two groups, based on the
direction of the ligand headgroup, i.e., those with the
headgroup toward the gold surface and the others facing
outward are categorized as the first and second layers,
respectively. The ensemble-averaged mean square displace-
ment (MSD) of the ligands in the first and second layers
(Figures 3b−d), calculated from the simulations, affords the
information on the diffusion behavior and mobility of the
ligands. The ligands in all four systems exhibit sub-diffusive
behaviors with diffusion exponents (α) of 0.26 and 0.61 for the
first and second layers, which are less than the value of normal
diffusion by 1.45 This sub-diffusive motion of the ligands is
presumably due to the confinement effect of the ligands by
their interdigitation in the ligand shell.45,46 Moreover, the
ensemble-averaged MSD plots indicate that the ligands in the
outer second layer are more mobile than those in the first layer,

located near the gold surface, in all the (111), (110), and
(100) surfaces (Figures 3b−d and S11). We calculate the sub-
diffusion coefficients (Kα) from the ensemble-averaged MSD
plots (Figures 3b−d) and present them in Figures 3e and 3f.45

For all the surfaces, Kα in both the first and second layers
increases as the octylamine fraction in the ligand shell increases
(Figures 3e and 3f), indicating that the presence of octylamine
increases the overall ligand mobility inside the shell (Figure
S11). The interdigitation enthalpy between the alkylchains of
CTAB is large enough to stabilize the CTAB bilayer
structure.47 However, by mixing octylamine, which possesses
a shorter alkyl chain than CTAB, the interdigitation enthalpy
can be lowered because the degree of alignment between the
alkyl chains of the ligands is reduced.48,49 Therefore, the MD
simulation results suggest that the heterogeneous ligand system
enables the freer movement of the constituent ligand
molecules between the two interacting nanoparticles, thus
resulting in rapid pair approach in the AuNPs/Mixed system,
as observed in liquid-phase TEM.
We also track the neck formation and structural relaxation

processes of the merged nanoparticles that occur after the
surface contact (Supporting Information). The representative
time series of the TEM images display the shape evolution of
the coalesced nanoparticles in the AuNPs/CTAB and AuNPs/
Mixed systems (Figures 4a and 4b). In both systems, a neck
that connects the two nanoparticles is transiently formed in the
gap just after the surface contact, at t0, and the merged
nanoparticles are gradually reconstructed into spherical shapes
mainly by surface diffusion (Figures 1e−j, 4a, 4b, and S12).
However, the rates of such shape evolution processes are
noticeably different in the two systems. In the AuNPs/CTAB
system (Figure 4a), the concave neck of the merged
nanoparticle is visible until 2.4 s while the neck recovery
proceeds quickly for ∼1.2 s in the AuNPs/Mixed system
(Figure 4b). The initial bridge length (s) of all the nanoparticle
pairs is measured by subtracting the sum of the diameters of
two nanoparticles, one frame before the contact (at t = t0 − 0.1
s), from the end-to-end length along the long axis of the
merged nanoparticles at the contact (at t0). The positive and
negative values of s indicate that merged nanoparticles exhibit
dumbbell shapes with a protruding bridge and a snowman
shapes with an overlapped volume of two nanoparticles,
respectively (Figure 4c). Most of the merged nanoparticles in
the AuNPs/CTAB system (green) exhibit the dumbbell shapes
with an average length of ∼0.5 nm for the protruding bridge.
Conversely, both shapes appear in the AuNPs/Mixed system
(orange) and 47% of the merged nanoparticles are snowman-
shaped, possibly because of the rapid coalescing process of the
pair. We further quantify the structural relaxation process of
the merged nanoparticles by monitoring the evolution of their
circularity (C) with time. As indicated in the exemplary pairs in
Figures 4a and 4b, C is estimated from the 2D-projected
images of the merged nanoparticles (Supporting Information),
which asymptotically approaches 1 (implying a perfect circle)
in both cases. However, the evolution speed of C is clearly
different in the two ligand systems. In the AuNPs/CTAB
system (Figure 4d), the C evolution pathways are widely
distributed and require a prolonged time for C to approach 1.
In the AuNPs/Mixed system (Figure 4e), >90% of the merged
nanoparticles are rapidly reconstructed to a spherical shape
within 5 s. We also calculate the rate constant of the relaxation
processes (k), based on the fitting model where the difference
between the measured C (Figures 4d and 4e) and 1 decays

Figure 3. (a) MD simulations of the ligand shell configurations on the
gold (111), (110), and (100) surfaces with different composition
ratios of CTAB and octylamine. (b−d) Ensemble-averaged MSD for
the ligands in the ligand shell on the gold (b) (111), (c) (110), and
(d) (100) surfaces, calculated for all the systems in (a). Four plots
with triangles and another four plots with circles in each graph
correspond to the second and first layers of the ligand shell,
respectively. The sub-diffusion coefficients, Kα, of the ligands in (e)
the first and (f) second layers according to octylamine fraction.
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exponentially, 1 − C(Δt) = A × e−kΔt. The histogram of k in
the two systems (Figure 4f) demonstrates that the k values of
most of the pairs in AuNPs/CTAB are less than 2 s−1, while
those of more than 70% of the pairs of AuNPs/Mixed are
greater than 2 s−1 and those of ∼30% are greater than 12 s−1.
The ligand structure and dynamics, modified by the
heterogeneous mixing, are presumably attributed to the
frequent observation of the snowman shapes after the contact
and the fast evolution of C in the AuNPs/Mixed system.
Enhanced ligand mobility, obtained by mixing octylamine in
the CTAB ligands, is confirmed by our MD simulations. The
enhanced mobility facilitates ligand detachment in the gap
region at the instance of contact, thus inducing the fast
merging dynamics. Additionally, the mobile surface ligands
promote their rearrangement, which accompanies the surface-
atom diffusion, to develop an isotropic morphology after the
coalescence.
Summarily, we confirm that the coalescence behaviors of

nanoparticles are highly dependent on their surface ligand
structures by quantitative liquid-phase TEM, via employing
multichamber graphene liquid cells, and MD simulations. We
investigate the step-by-step processes of the nanoparticle
coalescence that includes the approach, merging, and structural
relaxation stages. Our results confirm that the enhanced
mobility of the ligand system, obtained by mixing a short alkyl
chain ligand, octylamine, in the well-structured CTAB bilayer,
induces the rapid approach of the nanoparticle pair and the fast
structural reorganization of the coalesced nanoparticles.
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MD, molecular dynamics
TEM, transmission electron microscopy
AAO, anodic aluminum oxide
CTAB, hexadecyltrimethylammonium bromide
AuNPs, gold nanoparticles
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